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Pruning that selectively removes unnecessary
axons/dendrites is crucial for sculpting neural cir-
cuits during development. During Drosophila meta-
morphosis, dendritic arborization sensory neurons,
ddaCs, selectively prune their larval dendrites in
response to the steroid hormone ecdysone. How-
ever, it is unknown whether epigenetic factors are
involved in dendrite pruning. Here, we analyzed 81
epigenetic factors, from which a Brahma (Brm)-
containing chromatin remodeler and a histone ace-
tyltransferase CREB-binding protein (CBP) were
identified for their critical roles in initiating dendrite
pruning. Brm and CBP specifically activate a key
ecdysone response gene, sox14, but not EcR-B1.
Furthermore, the HAT activity of CBP is important
for sox14 expression and dendrite pruning. EcR-B1
associates with CBP in the presence of ecdysone,
which is facilitated by Brm, resulting in local enrich-
ment of an active chromatin mark H3K27Ac at the
sox14 locus. Thus, specific intrinsic epigenetic
factors cooperate with steroid hormones to activate
selective transcriptional programs, thereby initiating
neuronal remodeling.
INTRODUCTION
Pruning that selectively removes neuronal processes without cell
death is crucial for the refinement and maturation of neural
circuits during development (Luo and O’Leary, 2005). Pruning
occurs widely in the developing nervous systems in both inverte-
brates and vertebrates. In vertebrates, two well-characterized
examples of pruning are the subcortical axonal projections of86 Neuron 72, 86–100, October 6, 2011 ª2011 Elsevier Inc.layer 5 neurons of the neocortex (O’Leary and Koester, 1993)
and motoneurons at neuromuscular junctions (Keller-Peck
et al., 2001). Cortical layer 5 neurons that initially develop their
projections to the common targets selectively prune the
branches to the superior colliculus or the branches to the spinal
cord (O’Leary and Koester, 1993). In holometabolous insects
such as Drosophila, pruning is observed in mushroom body
(MB) g neurons of the central nervous system (CNS; Lee et al.,
1999; Truman, 1990) and in dendritic arborization (da) sensory
neurons of the peripheral nervous system (PNS; Kuo et al.,
2005; Williams and Truman, 2005a, 2005b). In the CNS, MB g
neurons selectively prune their axon branches within dorsal and
medial lobes and later re-extend their medial axon branches to
the midline in adults (Lee et al., 2000; Watts et al., 2003; Zheng
et al., 2003). Likewise, a variety of da neurons in the PNS undergo
extensive remodeling during metamorphosis. Class I (ddaD/E)
and class IV (ddaC) neurons survive and selectively remove their
dendrite arbors by 18 hr after puparium formation (APF) and
subsequently regrow their dendrites to form the adult nervous
system before eclosion, whereas class II (ddaB) and class III
(ddaA/F) neurons undergo apoptosis (Kuo et al., 2005; Williams
and Truman, 2005a). Dendrite pruning of ddaCneurons is stereo-
typed and involves severing of proximal dendrites, followed by
fragmentation and debris removal via phagocytosis (Figure 1A;
Kuo et al., 2005;Williams and Truman, 2004, 2005a), morpholog-
ically resembling processes involved in axon or dendrite degen-
eration associated with nerve injury and neurodegenerative
disorders (Coleman and Freeman, 2010; Luo andO’Leary, 2005).
Pruning is a developmentally regulated process that is tempo-
rally controlled by transcriptional programs. In mammals, the
homeodomain transcription factor Otx1 is required for the initia-
tion of the pruning of spinal cord branches of layer 5 visual
cortical neurons (Weimann et al., 1999). In Drosophila, dendrite
pruning of ddaC neurons is initiated by an ecdysone-induced
transcriptional hierarchy, namely the EcR-B1/Sox14/Mical
pathway (Kirilly et al., 2009; Kuo et al., 2005; Williams and
Truman, 2005a). Activation of this pathway is a multilayered
Figure 1. The Brm Remodeler Is Required for Dendrite Pruning
(A) A schematic representation of dendrite pruning and regrowth in ddaC neurons. Soma and axon are shown in purple, and dendrites are shown in black.
(B–F0) Dendrites of wild-type (B and B0), BrmDN-expressing (C and C0 ), 2X BrmDN-expressing (D and D0), ISWIDN-expressing (E and E0) and brmT362MARCM (F and
F0) ddaCs at the WP and 18 hr APF stages. Red arrowheads point to the ddaC somas, and blue arrowheads point to ddaFs (D and D0). Note that the ppk-Gal4
driver on the second chromosome also drives the mCD8GFP expression in ddaFs.
(G) Quantification of primary and secondary ddaC dendrites.
Error bars in all experiments represent ± SEM. Scale bar represents 50 mm. See genotypes of fly strains in Supplemental Experimental Procedures. See also
Figure S1 and Table S1.
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First, the expression of the neuronal ecdysone receptor B1 iso-
form, EcR-B1, is directly activated by a late-larval pulse of
ecdysone (Karim and Thummel, 1992; Koelle et al., 1991). Its
expression in ddaCs peaks at the wandering third instar larval
stage and persists until the prepupal stage (Kirilly et al., 2009;
Kuo et al., 2005). Second, EcR-B1 and its heterodimeric core-
ceptor Usp (Thummel, 1996) activate the expression of sox14,
an ecdysone early-response gene (Beckstead et al., 2005), at
the white prepupal stage. Sox14 is a key transcription factor
and serves as a temporal trigger that controls the timing ofddaC dendrite pruning (Kirilly et al., 2009). Third, Sox14 in turn
binds to the mical promoter and upregulates the expression of
Mical, a cytoskeletal regulator, which promotes ddaC dendrite
pruning (Kirilly et al., 2009). Despite accumulating evidence
that the expression of EcR-B1 requires dActivin-dependent
TGF-b signaling, the cohesin complex, and the Ftz-F1/Hr39
nuclear receptors in MB g neurons (Boulanger et al., 2011; Pauli
et al., 2008; Schuldiner et al., 2008; Zheng et al., 2003) and in
ddaC neurons (D.K. and F.Y., unpublished data), it has remained
largely unknown how the regulatory steps downstream of
EcR-B1 are achieved during dendrite pruning.Neuron 72, 86–100, October 6, 2011 ª2011 Elsevier Inc. 87
Neuron
Epigenetic Control of Dendrite Pruning in FlyEpigenetic modifications profoundly affect gene transcription
in various biological contexts (Berger, 2007). There are two
main classes of epigenetic factors: chromatin remodelers that
use Adenosine-50-triphosphate (ATP) hydrolysis to alter
histone-DNA contacts and histone modifiers that covalently
modify histone proteins via acetylation/methylation (Becker
and Ho¨rz, 2002; Narlikar et al., 2002). In Drosophila, the imitation
SWI (ISWI)-containing remodeler, nucleosome remodeling factor
(NURF), interacts with the ecdysone receptor, activates ecdy-
sone late-response genes, and facilitates progression of meta-
morphosis (Badenhorst et al., 2005), whereas the Brahma
(Brm) remodeler suppresses ecdysone-inducible gene (Eig)
expression (Zraly et al., 2006). A histone acetyltransferase
(HAT), dGcn5, has been reported to regulate the synthesis of
ecdysone hormone, activate ecdsyone response genes, and
thereby promote the onset of metamorphosis (Carre´ et al.,
2005). However, it is completely unknown whether specific
epigenetic factors are necessary to initiate pruning in the
Drosophila nervous system during early metamorphosis. More
specifically, it is of great interest to investigate whether and
how epigenetic factors activate the expression of their target
genes required for ddaC dendrite pruning.
Here, we examined the potential requirements of 81 epige-
netic factors for ddaC dendrite pruning using dominant-negative
and RNA interference (RNAi) approaches. Among these epige-
netic factors, we isolated a Brm-containing remodeler and a
HAT, CREB-binding protein (CBP), which play critical roles in
the initiation of ddaC dendrite pruning during early metamor-
phosis. Surprisingly, the ISWI remodeler and the dGcn5 HAT
that have been shown to activate ecdysone response gene
expression and the onset of metamorphosis are not important
for dendrite pruning. We show that Brm and CBP specifically
activate their common target gene, sox14, a key EcR-B1 down-
stream effector required for the initiation of ddaC dendrite
pruning (Kirilly et al., 2009). Further, the HAT activity of CBP
that is antagonized by a histone deacetylase (HDAC), Rpd3, is
required for Sox14 expression and dendrite pruning. EcR-B1,
rather than EcRDN, forms a protein complex with CBP in an ecdy-
sone-dependent manner, suggesting that CBP is a bona fide
EcR-B1 coactivator. Interestingly, Brm facilitates the formation
of the EcR-B1/CBP complex. Our data indicate that upon ecdy-
sone activation, EcR-B1 acts in conjunction with Brm to facilitate
CBP-mediated H3K27 acetylation at the sox14 locus, thereby
activating sox14 transcription. Thus, we demonstrate that
specific epigenetic factors are critical for the initiation of the
pruning of the nervous system during early metamorphosis.
Our findings also indicate that intrinsic epigenetic machinery
cooperates with systemic steroid hormones to alter chromatin
states and to selectively activate critical downstream transcrip-
tional programs required for the remodeling and maturation of
the developing nervous system.
RESULTS
The Brm Chromatin Remodeler Is Specifically Required
for ddaC Dendrite Pruning
Given that ddaC neurons prune their larval dendrites in response
to the extrinsic ecdysone signal, we hypothesized that intrinsic88 Neuron 72, 86–100, October 6, 2011 ª2011 Elsevier Inc.chromatin remodeling machinery might alter chromatin states
and facilitate the expression of ecdysone response genes re-
quired for the initiation of dendrite pruning. To examine a poten-
tial role of chromatin remodeling in ddaC dendrite pruning, we
disrupted the functions of 32 potential chromatin remodeling
genes selected from the annotated Drosophila genome (see
Table S1 available online) via either dominant-negative or
RNAi approaches. The lysine-to-arginine substitutions in the
ATP-binding sites of Brm and ISWI remodelers (BrmK804R and
ISWIK159R) behave as dominant-negative forms (hereafter
referred to as BrmDN and ISWIDN, respectively) because the
changes render them catalytically inactive without disrupting
the incorporation into their respective remodeler complexes
(Deuring et al., 2000; Elfring et al., 1998). We overexpressed
BrmDN and ISWIDN or knocked down Mi-2, Domino (Dom), and
other switch2/sucrose nonfermentable2 (SWI2/SNF2) ATPases
via RNAi in ddaC neurons using a pickpocket (ppk)-Gal4 driver.
Among these SWI2/SNF2 ATPase remodelers, only Brm, when
overexpressed in its dominant-negative form, resulted in a
notable dendrite pruning defect in ddaCs. At 18 hr APF, an
average of 6.6 primary and secondary dendrites remained
attached to the soma of ddaC neurons overexpressing BrmDN
using a ppk-Gal4 driver inserted on the third chromosome (n =
20; Figures 1C, 1C0, and 1G; wild-type, Figures 1B and 1B0).
The expression of two copies of BrmDN (2x BrmDN), with a strong
ppk-Gal4 driver on the second chromosome, strongly enhanced
the severing defect with an average of 14.6 primary and
secondary dendrites (n = 12; Figures 1D, 1D0, and 1G). Larval
dendrites of BrmDN ddaCs were largely removed by 32 hr APF
(n = 5; Figure S1A), presumably due to large-scale apoptosis
and migration of the dorsal abdominal epidermis, on which
ddaCs arborize their larval dendrites (Williams and Truman,
2005a). Brm-containing chromatin remodelers can be further
divided into two types, Brahma-associated proteins (BAP) and
Polybromo- and Brahma-associated protein (PBAP) complexes
(Bouazoune and Brehm, 2006), both of which can be disrupted
upon overexpression of BrmDN. To determine which type of
remodeler is required for pruning, we knocked down Osa and
Polybromo, specific subunits of BAP and PBAP, respectively.
Knockdown of Osa but not Polybromo caused a mild pruning
defect at 18 hr APF. Thirty-nine percent of ddaCs retained one
or more dendrites (n = 54; Figure S1B). Likewise, double knock-
down of Osa and Polybromo exhibited a mild pruning defect
(35%, n = 52; Figure S1B), resembling the Osa single RNAi.
Thus, BAP is likely the specific Brm-containing remodeler
required for ddaC dendrite pruning.
The ISWI-containing remodelers consist of three different
types: ATP-utilizing chromatin assembly and remodeling factor
(ACF), chromatin accessibility complex (CHRAC), and NURF
(Bouazoune and Brehm, 2006). The NURF remodeler was re-
ported to associate with EcR and facilitate progression of the
larval-to-pupal transition (Badenhorst et al., 2005). Surprisingly,
overexpression of ISWIDN that was shown to disrupt all three
types of ISWI remodelers (Deuring et al., 2000) did not interfere
with normal progression of dendrite pruning (n = 17; Figures
1E, 1E0, and 1G). Knockdown of a NURF-specific subunit,
Nurf301, which directly binds to EcR (Badenhorst et al., 2005),
did not affect ddaC pruning (data not shown). Moreover,
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Epigenetic Control of Dendrite Pruning in Flytransheterzygotes of nurf3013 and nurf3014, two null/strong
alleles, exhibited normal pruning (Figure S8B; Table S3). These
results suggest that the ISWI remodeler, albeit involved in ecdy-
sone signaling and the larval-pupal transition (Badenhorst et al.,
2005), is not essential for ddaC dendrite pruning, attesting to
the specificity of this mechanism. Likewise, RNAi knockdown
of Mi-2, Domino, and other SWI2/SNF2 ATPases did not affect
dendrite pruning (data not shown). Mosaic analysis with a re-
pressible cell marker (MARCM; Lee and Luo, 1999) using Mi-2
and dom strong/null mutants did not show any pruning defects
in ddaCs (n = 4 and n = 5, respectively; Figure S1C; Table S3).
Thus, dendrite pruning of ddaC neurons specifically requires
the Brm remodeler, but not ISWI, Mi-2, or Dom remodelers.
To further verify the role of brm in ddaC dendrite pruning, we
generated homozygous MARCM clones for two null/strong
hypomorphic alleles, brm2 and brmT362. All of the brm ddaC
clones exhibited severe dendrite pruning defects, as, on aver-
age, 9.4 and 13.7 primary and secondary dendrites remained
attached to brm2 (n = 11; Figure 1G) and brmT362 (n = 10; Figures
1F, 1F0, and 1G) ddaCs, respectively.
Three additional lines of evidence suggest that the Brm re-
modeler is specifically required for ddaC dendrite pruning. First,
overexpression of BrmDN or loss of brm did not apparently
disturb initial development and elaboration of larval ddaC
dendrite arbors, because their primary and secondary dendrites
at the white prepupal (WP) stage resembled the wild-type
neurons in numbers and morphology (Figures 1C, 1D, and 1F;
wild-type, Figure 1B). Dendrite outgrowth and elaboration of
ddaC neurons were largely normal in brm2 and brmT362 mutant
embryos at 18–20 hr after egg laying (AEL; n = 6 and n = 7,
respectively; wild-type, n = 6; Figure S1D). Second, overexpres-
sion of BrmDN did not affect the cell fate/identity of ddaC neurons
because the levels of two important ddaCmarkers, Cut (Grueber
et al., 2003) and Knot (Hattori et al., 2007; Jinushi-Nakao et al.,
2007), remained unchanged (n = 11 and n = 11, respectively; Fig-
ure S1E). Third, overexpression of BrmDN did not inhibit ddaC
dendrite regrowth at the late pupal stages (n = 4; Figure S1F),
suggesting that Brm is not important for ddaC dendrite regrowth
per se. However, the role of Brm in dendritic morphology/
connectivity of adult ddaCs remains unclear.
Taken together, our data show that Brm, but not ISWI, Mi-2, or
Dom, plays an important and specific role in dendrite pruning of
ddaC neurons.
The Brm Remodeler Is Specifically Required
for the Expression of Sox14, but Not EcR-B1
Given that the pruning defects in BrmDN and brm MARCM
resembled EcRDN (n = 19; Figure 1G), usp, sox14, and mical
mutant phenotypes (Kirilly et al., 2009; Kuo et al., 2005), we
explored whether Brm regulates their normal expression in
ddaCs. The Brm remodeler is not required for EcR-B1 expres-
sion because EcR-B1 upregulation occurred in both BrmDN-
expressing (n = 8; Figures 2D and 2J) and brmT362 MARCM
(n = 6; Figures 2G and 2J) ddaC neurons. Usp, the EcR-B1 con-
uclear receptor, also remained abundant in BrmDN-expressing
ddaC neurons (n = 13; Figure S2C). We then investigated
whether Brm modulates the expression of sox14, the key
effector gene of EcR-B1/Usp controlling dendrite pruning (Kirillyet al., 2009). In contrast to the abundant expression of Sox14 in
wild-type (n = 11; Figure 2B), Sox14 levels were absent or
strongly reduced in the majority of 2X BrmDN-expressing ddaCs
(83.3%, n = 36; Figures 2E and 2K) or brmT362 MARCM ddaCs
(90%, n = 10; Figures 2H and 2K). Similarly, Sox14 expression
was also strongly reduced in the BrmDN-expressing ddaF
neurons (n = 36; Figure 2E, arrow). Thus, the Brm remodeler is
specifically required for the expression of Sox14, but not EcR-
B1. Consistently, Mical expression that normally depends on
Sox14 was also strongly reduced in BrmDN-expressing (75.6%,
n = 41; Figures 2F and 2L) and brmT362 MARCM (80%, n = 5;
Figures 2I and 2L) ddaC neurons, as compared to that in wild-
type (n = 22; Figures 2C and 2L). Furthermore, overexpression
of Sox14 significantly restored Mical expression (n = 20; Figures
2N and 2O; compared to the 1X BrmDN control, Figures 2M and
2O) and fully rescued the pruning defects (n = 21; Figures 2Q and
2R; compared to overexpression of the nonfunctional Mical
fragment, MicalN-term, Figures 2P and 2R) in all 1X BrmDN-
expressing ddaCs. These data suggest that Brm likely acts
upstream of Sox14 to control its expression but appears to not
directly regulate the expression of mical, a Sox14 target gene,
in ddaC neurons. Thus, Brm appears to play a specific role in
regulating the expression of Sox14, but not some other compo-
nents of the EcR-B1/Sox14/Mical pathway.
We next examined Brm expression and compared its expres-
sion pattern with EcR-B1. Brm was expressed and localized in
the nuclei of ddaCs and other dorsal da neurons (Figure S2B),
whereas it was absent in brmMARCMddaC clones (Figure S2D).
In contrast to drastic upregulation of EcR-B1 from the early third
instar larval (eL3) stage to the WP stage in ddaCs (Kirilly et al.,
2009), Brm levels remained largely constant (Figures S2G and
S2H). Consistently, inhibition of ecdysone signaling by EcRDN
overexpression had no effect on the expression levels of Brm
in the WP ddaCs (Figure S2F). These data indicate that Brm is
expressed independently of ecdysone signaling.
CBP Specifically Promotes Dendrite Pruning
in ddaC Neurons
The observation that the Brm remodeler regulates dendrite
pruning prompted us to systematically investigate the involve-
ment of histone modifiers, including histone acetyltransferases/
deacetylases and methyltransferases/demethylases in ddaC
dendrite pruning. We examined 49 genes that potentially regu-
late enzymatic functions and assembly of various histone
modification complexes (Table S1; also see Supplemental
Experimental Procedures) via RNAi. From these HATs, CBP
was the only gene we isolated that was required for ddaC
dendrite pruning. CBP functions as a HAT as well as a transcrip-
tional coactivator during gene activation (Bantignies et al., 2000).
Perturbation of its histone acetyltransferase activity is implicated
in neurological disorders, such as Rubinstein-Taybi syndrome
(RTS) (Wang et al., 2010) and polyglutamine expansion diseases
(Steffan et al., 2001). CBP RNAi knockdown with two indepen-
dent RNAi lines, GD3787 (#1) and KK105115 (#2) (Dietzl et al.,
2007), resulted in severe dendrite pruning defects in ddaC
neurons: an average of 9 (n = 21; Figures 3B, 3B0, and 3F) and
12 (n = 30; Figures 3C, 3C0, and 3F) primary and secondary
dendrites, respectively, persisted at 18 hr APF. Using a thirdNeuron 72, 86–100, October 6, 2011 ª2011 Elsevier Inc. 89
Figure 2. Brm Is Specifically Required for the Expression of Sox14
(A–I) ddaC somas are marked by dashed lines, ddaF by arrows, and ddaE by
asterisks. Please note that Sox14 and Mical expression was also reduced in
the 2X BrmDN ddaFs (E and F, arrows).
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90 Neuron 72, 86–100, October 6, 2011 ª2011 Elsevier Inc.CBP RNAi line (#3) that was previously published (Kumar et al.,
2004), the knockdown of CBP exhibited a similarly strong
dendrite pruning defect, with an average of 11.9 primary and
secondary dendrites (n = 29; Figures 3D, 3D0, and 3F), whereas
all dendrites were pruned in the wild-type ddaC neurons (n =
15; Figures 3A, 3A0, and 3F) at 18 hr APF. The larval dendrites
of CBP RNAi ddaCs were largely removed by 30 hr APF (n = 6;
Figure S3A), similar to those of BrmDN-overexpressing ddaCs.
All three CBP RNAi lines efficiently depleted the CBP protein in
all ddaC neurons (Figure S3C). Interestingly, the dGcn5 HAT is
not important for ddaC dendrite pruning, despite its role in facil-
itating ecdysone signaling and the onset of metamorphosis
(Carre´ et al., 2005). No pruning defects were observed in
dGcn5 RNAi knockdown ddaC neurons (data not shown) or in
the MARCM ddaC clones of two dGcn5 null/strong alleles (n =
5; Figure S3D; Table S3). Thus, CBP, but not dGcn5, is required
for ddaC dendrite pruning during early metamorphosis.
To further verify the requirement of CBP for pruning, we over-
expressed the dominant-negative form of CBP, which lacks
the C-terminal transactivation domain (CBP-DQ; Kumar et al.,
2004), in ddaC neurons. A strong dendrite-pruning defect was
observed with an average of 8.3 primary and secondary
dendrites attached in CBP-DQ-expressing ddaC neurons (n =
26; Figures 3E, 3E0, and 3F), resembling the CBP RNAi pheno-
type. We did not recover MARCM ddaC clones using several
CBP null/strong hypomorphic alleles, which was consistent
with a previous finding that CBP is essential for cell viability in
the eye discs (Kumar et al., 2004). Further, overexpression of
the first exon of mutant Huntingtin (Httex1), with an expanded
polyglutamine repeat (Httex1p-Q93; Steffan et al., 2001) that
has been reported to sequestrate CBP protein and abolish its
HAT activity in both flies and mammals, also resulted in a strong
pruning defect (n = 7; Figure S3B) and loss of CBPprotein (n = 13;
Figure S3C) in ddaC neurons. About 13.8 primary and secondary
dendrites remained connected in Httex1p-Q93-overexpressing
ddaC neurons, whereas all dendrites were pruned in the
Httex1p-Q20-overexpressing control (Figure S3B).
Similar to Brm, CBP appears to not be crucial for the develop-
ment of major larval ddaC dendrites, because RNAi knockdown
of CBP did not obviously affect the number of their primary and(A, D, and G) The expression of EcR-B1 in wild-type (A), 2X BrmDN (D), and
brmT362 MARCM (G) ddaCs.
(B, E, and H) The expression of Sox14 in wild-type (B), 2X BrmDN (E), and
brmT362 MARCM (H) ddaCs.
(C, F, and I) The expression of Mical in wild-type (C), 2X BrmDN (F), and brmT362
MARCM (I) ddaCs.
(J–L) Quantification of the immunostaining for EcR-B1 (J), Sox14 (K), and
Mical (L).
(M and N) Mical expression in 1X BrmDN control (M) and Sox14-expressing 1X
BrmDN (N) ddaCs.
(O) Quantification of the immunostaining for Mical.
(P and Q) Dendrites inMicalN-term/1X BrmDN-expressing control (P) and Sox14/
1X BrmDN-expressing (Q) ddaCs.
(R) Quantification of ddaC dendrites.
Error bars in all experiments represent ± SEM. Statistical significance was
determined using two-tailed Student’s t test (***p < 0.001, **p < 0.01, and *p <
0.05) in all graphs. Scale bar represents 20 mm in (A) and 50 mm in (P). See
genotypes of fly strains in Supplemental Experimental Procedures. See also
Figure S2 and Table S5.
Figure 3. CBP Is Required for Dendrite Pruning
(A–D0) The knockdown of CBP by three CBP RNAi lines (#1, #2, and #3) caused strong pruning defects (B–D0), compared to the wild-type control (A and A0).
(E and E0) Overexpression of the truncated CBP-DQ protein caused a severe pruning defect.
(F) Quantification of ddaC dendrites.
Error bars in all experiments represent ± SEM. Scale bar in (A) represents 50 mm. See genotypes of fly strains in Supplemental Experimental Procedures. See also
Figure S3 and Table S3.
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null mutant (nej3) ddaC neurons exhibited normal outgrowth of
their embryonic dendrites at 17–18 hr APF (n = 24) and normal
major dendrites with slightly simple terminals at 18–19 hr APF
(n = 23), compared to the controls (n = 26 and n = 28, respec-
tively; Figure S3E). The expression levels of Cut and Knot (n =
4 and n = 7, respectively; Figure S3F) were not affected in CBP
RNAi ddaC neurons. Finally, CBP knockdown did not affect re-
growth of ddaC dendrites at 76 hr APF (n = 11; Figure S3G).
However, the involvement of CBP in dendritic morphology/
connectivity of adult ddaCs remains unknown.
In summary, CBP appears to be a specific HAT required for
ddaC dendrite pruning during the larval-to-pupal transition.
Brm and CBP Regulate Remodeling of Class I ddaD/E
Neurons, Class III ddaF Neurons, and MB g Neurons
Both dendrite pruning of ddaD/E neurons and apoptosis of ddaF
neurons are also dependent on EcR-B1 and Sox14 functions
(Kirilly et al., 2009; Williams and Truman, 2005a). BrmDN-overex-
pressing ddaD/E neurons (n = 63; Figure 4B0) or brm MARCMddaD/E clones (n = 23; data not shown) retained their larval
dendrites at 18 hr APF, whereas ISWIDN-expressing ddaD/E
neurons (n = 29; data not shown) pruned normally like wild-
type ddaD/E neurons (n = 49; Figure 4A0). Likewise, BrmDN-over-
expressing (n = 10; Figure 4E) and brmMARCM (n = 6; data not
shown) ddaF neurons survived, whereas the wild-type ddaF
neurons underwent apoptosis by 18 hr APF (n = 15; Figure 4D).
CBP RNAi partially inhibited ddaD/E dendrite pruning (n = 15;
Figure 4C0) because the knockdown of CBP using the Gal42-21
driver was less efficient (data not shown). RNAi knockdown of
CBP using the Gal4109(2)80 driver completely blocked ddaF
apoptosis (n = 13; Figure 4F). Thus, Brm and CBP, like EcR-B1
and Sox14, are involved in regulating ddaD/E dendrite pruning
as well as ddaF apoptosis.
We then assessed the effects of brm andCBP on axon pruning
of MB g neurons. In wild-type MB g neurons, the medial and
dorsal axon branches that formed during the larval stages
(data not shown) were pruned by 24 hr APF (n = 11; Figure 4G).
The axon branches of BrmDN-overexpressing MB g neurons per-
sisted at 24 hr APF (100%, n = 18; Figure 4H). Overexpression ofNeuron 72, 86–100, October 6, 2011 ª2011 Elsevier Inc. 91
Figure 4. Brm and CBP Regulate Remodeling
of ddaD/E Neurons, ddaF Neurons, and MB g
Neurons
(A–C0) ddaDs (open arrowheads) and ddaEs (red arrows)
are labeled by Gal42-21-driven mCD8-GFP expression at
WP and 18 hr APF.
(D–F) Dorsal da neurons are labeled by Gal4109(2)80-driven
mCD8-GFP expression at 18 hr APF. Blue arrowheads
point to ddaFs and red arrowheads to ddaCs.
(G–I) MB g neurons are labeled by 201Y-Gal4-driven
mCD8-GFP expression at 24 hr APF.
Scale bars in (A), (D), and (G) represent 50 mm.
See genotypes of fly strains in Supplemental Experimental
Procedures. See also Table S5.
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at 24 hr APF as well (78%, n = 18; Figure 4I).
Taken together, Brm and CBP play critical roles in the remod-
eling of sensory neurons and MB g neurons during early
metamorphosis.
CBP Is Critical for the Expression of Sox14,
but Not EcR-B1
Given the essential role of CBP as both a transcriptional coacti-
vator and a HAT during gene activation, we next tested whether
CBP acts at the top of the EcR-B1/Sox14/Mical cascade to facil-
itate EcR-B1 expression in response to ecdysone. Surprisingly,
EcR-B1 expression does not require CBP function, because up-
regulation of EcR-B1 expression could be observed at the WP
stage in CBP RNAi ddaC neurons (n = 13; Figures 5D and 5G;
wild-type ddaC neurons, n = 11; Figures 5A and 5G). In contrast,
Sox14 was absent or strongly reduced in 89% of CBP RNAi
ddaCs (n = 17; Figures 5E and 5H; wild-type ddaC neurons,
n = 11; Figures 5B and 5H), suggesting that CBP, like Brm, acti-
vates sox14 expression at the WP stage. Accompanying Sox14
downregulation, Mical expression was significantly reduced in
the majority of CBP RNAi ddaC neurons (87.5%, n = 8; Figures
5F and 5I), as compared to that in wild-type (n = 23; Figures92 Neuron 72, 86–100, October 6, 2011 ª2011 Elsevier Inc.5C and 5I). Sox14 overexpression fully restored
Mical expression (n = 46; Figure 5J compared
with Figure 5F) and rescued the pruning
defects (n = 25; Figure 5K, compared with the
MicalN-term overexpression control, Figure 5L)
in CBP RNAi ddaCs, suggesting that CBP func-
tions upstream of Sox14 to promote dendrite
pruning and seems to not be required for the
expression of Mical. Thus, CBP appears to
play a specific role in regulating EcR-B1/Usp-
induced Sox14 expression in the activation of
the EcR-B1/Sox14/Mical pathway during ddaC
dendrite pruning.
The levels of Usp and Brm remained largely
unchanged in CBP RNAi ddaC neurons (n = 16
and n = 11, respectively; Figures S4B and S4D).
Like Brm, CBP was expressed in the nuclei of all
dorsal da neurons from the eL3 stage to the WP
stage in ddaCs (Figures S3C and S4E; data not
shown). The expression level of CBP remainedunaffected in EcRDN-expressing (n = 7; Figure S4G) or BrmDN-ex-
pressing (n=13;FigureS4H)ddaCneurons.Therefore, theexpres-
sions of Brm, CBP, and EcR-B1 are independent of each other.
Collectively, CBP, like Brm, specifically regulates activation of
Sox14 expression, but not EcR-B1 expression, during ddaC
pruning.
CBP Mediates the Acetylation of H3K27
in ddaC Neurons
Given that CBP can acetylate histones in Drosophila embryos
(Das et al., 2009; Tie et al., 2009), we next assessed whether
CBP mediates histone acetylation in ddaC neurons. Among 18
available antibodies against various histone H3 lysine acetylation
marks that we examined, six of them (K4, K9, K18, K23, K27, and
K36) exhibited prominent staining signals in sensory neurons
(Figure 6E; Figure S5A). CBP is required for the acetylation of
H3K4, H3K18, H3K27, and H3K36 marks, but not for the acety-
lation of H3K9 and H3K23 marks in ddaC neurons (Figure 6F;
Figure S5A). We then focused on H3K27Ac, an epigenetic
mark associated with activation of gene transcription (Tie et al.,
2009). In contrast to its abundance in wild-type ddaC neurons
(n = 11; Figure 6E), H3K27Ac was absent in all CBP RNAi
ddaC nuclei (n = 12; Figures 6F and 6H). H3K27Ac levels
Figure 5. CBP Is Critical for the Expression of
Sox14
(A–F) The expression of EcR-B1, Sox14, and Mical (shown
in red) in wild-type CBP RNAi (#2 or #3) ddaCs at the WP
stage. ddaCs are marked by dashed lines, ddaFs by
arrows, and ddaEs by asterisks.
(G–I) Quantification of the immunostaining for EcR-B1,
Sox14, and Mical.
(J and K) Sox14 overexpression restoredMical expression
(J) and rescued the pruning defects in CBP RNAi (#3)
ddaCs (K, red arrowhead).
(L) Quantification of ddaC dendrites.
Error bars in all experiments represent ± SEM. Statistical
significance was determined using two-tailed Student’s
t test (***p < 0.001, **p < 0.01, and *p < 0.05) in all graphs.
Scale bar represents 20 mm in (A)–(F) and (J) and 50 mm
in (K). See genotypes of fly strains in Supplemental
Experimental Procedures. See also Figure S4.
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overexpressing (n = 13; Figure S5B) ddaC neurons. Similarly,
H3K27Ac levels were largely abolished in ecdysone-treated S2
cells upon CBP knockdown using double-stranded RNA
(dsRNA; Figure 7G), whereas its levels remained abundant in
EcR RNAi, brm RNAi, and GFP RNAi control (Figure 7H). Thus,
CBP is a major HAT that predominantly mediates the acetylation
of H3K27 in ddaC neurons and ecdysone-treated S2 cells.
The HAT Activity of CBP Is Required for Dendrite
Pruning in ddaC Neurons
We reasoned that if the HAT activity of CBP is required for ddaC
dendrite pruning, overexpression of certain HDAC proteins thatNeuron 72can reverse CBP-mediated histone acetylation
would be expected to resemble CBP knock-
down phenotypes. Among potential Drosophila
HDACs, overexpression transgenes for five of
them were available. We overexpressed
Grunge/Atrophin, Rpd3, Sir2, HDAC3, and
HDAC6 and examined their effects on dendrite
pruning of ddaC neurons. Among these HDACs,
we found that Rpd3, the class I HDAC homolo-
gous to mammalian HDAC1/2, is involved in
ddaC dendrite pruning. Overexpression of
Rpd3 led to a partial but consistent defect in
ddaC dendrite pruning (44%, n = 83; Figures
6A and 6A0). Strikingly, overexpression of
Rpd3 also resulted in significant downregulation
of Sox14 expression (n = 25; Figures 6C and
6D), as well as a strong reduction of H3K27Ac
levels (n = 10; Figures 6G and 6H) in ddaC
neurons, without obviously disturbing CBP
expression levels (n = 15; Figure S5C). Interest-
ingly, the Rpd3 levels were increased in CBP
RNAi ddaC neurons (n = 11; Figures 6J and
6L). Taken together, we conclude that CBP,
via its HAT activity, activates the expression ofits target sox14 and promotes dendrite pruning of ddaC neurons
during early metamorphosis.
EcR-B1 and Brm Coordinately Promote CBP-Mediated
Histone Acetylation at the sox14 Gene Region
in Response to Ecdysone
To understand how Brm and CBP, in conjunction with EcR-B1,
activate the expression of their common target gene, sox14,
we examined whether the levels of the transcriptionally active
chromatin mark H3K27Ac are elevated at the sox14 region in
an ecdysone-dependent manner. The expression of EcR-B1,
Sox14, and Mical proteins is significantly upregulated in S2 cells
upon treatment with ecdysone, similar to that seen in ddaC, 86–100, October 6, 2011 ª2011 Elsevier Inc. 93
Figure 6. The HAT Activity of CBP Is Required for Dendrite Pruning in ddaC Neurons
(A and A0 ) Rpd3-overexpressing ddaCs at WP and 18 hr APF.
(B–K) ddaCs are marked by dashed lines, ddaFs by arrows, and ddaEs by asterisks. Insets show the ppk-Gal4-driven UAS-mCD8-GFP expression.
(B and C) The levels of Sox14 (in red) in wild-type (B) and Rpd3-overexpressing (C) WP ddaCs.
(D, H, and L) Quantification of the immunostaining for Sox14, H3K27Ac, and Rpd3.
(E–G) The levels of H3K27Ac (in red) in wild-type (E), CBP RNAi (F), and Rpd3-overexpressing (G) WP ddaCs.
(I–K) The levels of Rpd3 (in red) in wild-type (I), CBP RNAi (J), and Rpd3 RNAi (K) WP ddaCs.
Error bars in all experiments represent ± SEM. Statistical significance was determined using two-tailed Student’s t test (***p < 0.001, **p < 0.01, and *p < 0.05) in all
graphs. Scale bar represents 50 mm in (A) and 20 mm in (B). See genotypes of fly strains in Supplemental Experimental Procedures. See also Figure S5.
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We used nontreated and ecdysone-treated S2 cell extracts to
perform chromatin immunoprecipitation (ChIP) assays with an
anti-H3K27Ac antibody, examined the H3K27Ac levels at the
sox14 locus using quantitative real-time polymerase chain reac-
tion (qRT-PCR) assays with ten sox14 genomic primer sets (Fig-
ure 7A), and subsequently normalized them against the
H3K27Ac level at the internal control actin5C. Upon ecdysone
treatment, the level of H3K27Ac increased more than 3-fold at
the first intron of the sox14 gene (I1-3 and I1-4; Figure 7B), as
compared to those in nontreated cells. To confirmwhether ecdy-
sone signaling facilitates the enrichment of the H3K27Ac levels94 Neuron 72, 86–100, October 6, 2011 ª2011 Elsevier Inc.at the sox14 locus, we knocked down the EcR-B1 receptor in
ecdysone-treated cells using EcR-B1 dsRNA fragments (Fig-
ure 7H) and performed ChIP assays. Although total H3K27Ac
levels in EcR-B1 RNAi S2 cells remained the same (Figure 7H),
the enrichment of H3K27Ac at the sox14 locus decreased signif-
icantly, as compared to theGFPRNAi ecdysone-treated S2 cells
(Figure 7C). Hence, local enrichment of H3K27Ac at the sox14
region is drastically elevated in response to ecdysone signaling.
We then investigated whether the enrichment of H3K27Ac at
the sox14 locus is mediated by CBP, the major HAT for H3K27
acetylation in ddaC neurons. Indeed, upon CBP knockdown in
ecdysone-treated S2 cells (Figure 7G), H3K27Ac enrichment at
Figure 7. EcR-B1 and Brm Coordinately Promote CBP-Mediated Histone Acetylation at the sox14 Gene Region in Response to Ecdysone
(A) Schematic diagram of the sox14 gene locus. Red boxes indicate the DNA fragments amplified in the ChIP assays.
(B) The enrichment of H3K27Ac at the sox14 region using fragments shown on (A) before and after ecdysone (20E) treatment.
(C–E) The enrichment of H3K27Ac at the sox14 locus (I1-3 and I1-4) in EcR RNAi (C), CBP RNAi (D), and brm RNAi (E) S2 cells.
(F) The enrichment of H3K27Ac at sox14 in CBP/brm double RNAi S2 cells.
(G and H) RNAi-mediated knockdown of CBP, EcR, and brm in ecdysone-treated S2 cells. Protein loading was evaluated by reprobing the same blots with
a-tubulin antibody (bottom row).
Error bars in all experiments represent ± SEM.
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facilitates H3K27 acetylation at the sox14 locus in response to
ecdysone, thereby activating Sox14 expression. Given that
Brm, like CBP, is specifically required for activation of Sox14
expression during ddaC pruning, we next examined whether
Brm-mediated chromatin remodeling promotes local enrichment
of H3K27Ac at the sox14 gene region. Strikingly, the knockdown
of Brm also resulted in strong reduction of H3K27Ac enrichment
at the sox14 locus (Figure 7E) without affecting overall H3K27Ac
levels (Figure 7H). The relative levels of H3K27Ac were reduced
to a lesser extent in CBP RNAi S2 cells than in brm RNAi S2 cells
because CBP RNAi, rather than brm RNAi, also led to reduction
of the H3K27Ac levels in the locus of the internal control actin5C
(data not shown). To compare the sox14 H3K27Ac levels in CBP
RNAi, brm RNAi, and CBP/brm double RNAi, we measured the
relative levels of H3K27Ac by normalizing the amount of the
sox14 DNA fragments, coimmunoprecipitated by the H3K27Ac
antibody, against the amount of their respective DNA inputs.
Compared to the control GFP RNAi, CBP RNAi, and brm RNAiknockdown resulted in a similarly strong reduction in the sox14
H3K27Ac levels. Moreover, double knockdown of CBP and
brm largely resembled brm and CBP single knockdown,
because it did not further reduce the H3K27Ac levels at the
sox14 region (Figure 7F), suggesting that Brm and CBP may
function in the same pathway to promote histone acetylation at
the sox14 locus.
Thus, Brm, CBP, and EcR-B1 coordinately facilitate the
specific local acetylation of H3K27 to activate Sox14 expression
in response to ecdysone.
CBP Forms a Complex with EcR-B1 in Response
to Ecdysone
Because EcR-B1, like CBP, promotes local acetylation of H3K27
at the sox14 locus in response to ecdysone, we hypothesized
that EcR-B1 may form a protein complex with CBP in an ecdy-
sone-dependent manner. CBP contains a nuclear hormone
receptor binding domain at its amino terminus (Kumar et al.,
2004), which potentially associates with EcR-B1. We performedNeuron 72, 86–100, October 6, 2011 ª2011 Elsevier Inc. 95
Figure 8. CBP Forms a Complex with EcR-B1 in an Ecdysone-Dependent Manner
(A) CBP associated with EcR-B1 in the presence of ecdysone. Nontreated () and ecdysone-treated (+) S2 cells were cotransfected with HA-CBP and
Flag-EcR-B1.
(B) EcRDN seldom complexed with CBP. Ecdysone-treated S2 cells were cotransfected with HA-CBP/Flag-EcR-B1 or HA-CBP/Flag-EcRDN.
(C) Brm facilitates the formation of the EcR-B1/CBP complex. Ecdysone-treated S2 cells were knocked down by either GFP dsRNA or brm dsRNA and
cotransfected with HA-CBP andMyc-EcR-B1. A control antibody and anti-HA antibody were used for IP, followed by western blotting (WB) for HA-CBP and Flag
(or Myc)-EcR-B1/EcRDN.
(D) A working model for epigenetic regulation of ddaC dendrite pruning.
(E) Three-step activation of the EcR-B1/Sox14/Mical pathway during ddaC neuron pruning.
See also Figure S6.
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Epigenetic Control of Dendrite Pruning in Flycoimmunoprecipitation (coIP) experiments in nontreated and
ecdysone-treated S2 cells transfected with HA-tagged
N-terminal CBP (aa1–1506) and Flag-tagged EcR-B1. In ecdy-
sone-treated cells, EcR-B1 was found specifically in the immune
complex when CBP-N was immunoprecipitated using an anti-
HA antibody (Figure 8A), whereas EcR-B1 was hardly detectable
in the CBP-N immune complex in nontreated cells (Figure 8A).
Thus, EcR-B1 forms a protein complex with CBP in the presence
of ecdysone. EcRDN (EcR-B1-DC655.W650A), which lacks the
C-terminal region (aa655–878) and carries a point mutation
W-to-A at aa650, abolishes the conserved transcriptional activa-96 Neuron 72, 86–100, October 6, 2011 ª2011 Elsevier Inc.tion function (AF2) domain (Cherbas et al., 2003). Unlike the
full-length EcR-B1, EcRDN seldom coimmunoprecipitated with
CBP in transfected S2 cells treated with ecdysone (Figure 8B).
Thus, CBP functions as a bona fide EcR-B1 coactivator. Given
that Brm, like EcR-B1, promotes CBP-mediated H3K27 acetyla-
tion at the sox14 locus, we examined whether Brm regulates the
formation of the EcR-B1/CBP complex. We carried out coIP
experiments in brm RNAi ecdysone-treated S2 cells cotrans-
fected with EcR-B1 and CBP. Compared to the GFP RNAi con-
trol, RNAi knockdown of brm significantly reduced the amount of
EcR-B1 coimmunoprecipitated by CBP-N, suggesting that Brm
Neuron
Epigenetic Control of Dendrite Pruning in Flyfacilitates the formation of the EcR-B1/CBP complex (Figure 8C).
However, we did not observe an association between Brm and
EcR-B1/CBP in coIP experiments (Figure 8A, bottom row; Fig-
ure S6). Thus, CBP associates with EcR-B1 in an ecdysone-
dependent manner, whereas Brm promotes the association
between EcR-B1 and CBP.
Taken together, our data indicate that upon ecdysone activa-
tion, EcR-B1 and Brm act in conjunction with CBP to coordi-
nately facilitate local enrichment of H3K27Ac at the sox14
gene, thereby activating their target sox14 expression during
the larval-to-pupal transition (Figure 8D).
DISCUSSION
During Drosophila metamorphosis, pruning of the nervous
system is triggered by a late-larval pulse of ecdysone and its
nuclear receptors EcR-B1 and Usp (Levine et al., 1995). Most
current studies have been focused on understanding how the
expression of the ecdysone receptor, EcR-B1, is regulated by
TGF-b signaling pathway, the cohesin complex, and the Ftz-
F1/Hr39 pathway during MB axon pruning (Figure 8E; Boulanger
et al., 2011; Pauli et al., 2008; Schuldiner et al., 2008; Zheng
et al., 2003). However, very little is known about how activation
of EcR-B1 downstream effectors is regulated during pruning. It
is also unknown whether and how specific intrinsic epigenetic
factors cooperate with the extrinsic ecdysone signal to regulate
their common downstream target gene activation during
pruning. Among 81 epigenetic factors, we isolated the Brm chro-
matin remodeler and the histone modifier CBP. We demonstrate
essential roles of Brm-mediated chromatin remodeling and
CBP-mediated histone acetylation in governing dendrite pruning
of ddaC neurons in response to ecdysone. We also show that
sox14 is a major downstream target gene of both Brm and
CBP during ddaC dendrite pruning, because Brm and CBP
specifically activate the key ecdysone early-response gene
sox14, but not the ecdysone receptor gene EcR-B1 (Figure 8E).
Furthermore, the intrinsic HAT activity of CBP is required for
sox14 expression and ddaC dendrite pruning. Our biochemical
analyses reveal that the liganded EcR-B1 forms a protein
complex with CBP, which is facilitated by Brm. EcR-B1 and
Brm act in conjunction with CBP to coordinately facilitate the
local enrichment of an active chromatin mark H3K27Ac at the
sox14 gene region, thereby activating their common target
sox14 expression. This study provides mechanistic insight into
how specific intrinsic epigenetic machinery transduces extrinsic
hormonal signals to establish a transcriptionally active chromatin
state and thereby activate specific transcriptional cascades
during remodeling and maturation of the nervous systems in
animals.
A Specific Role of the Brm Chromatin Remodeler
in Dendrite Pruning during Early Metamorphosis
Emerging evidence indicates that ATP-dependent chromatin
remodelers play essential roles in the development of the verte-
brate nervous system (Yoo and Crabtree, 2009), for example,
dendrite outgrowth of hippocampal neurons and self-renewal/
differentiation of neural stem cells in mammals (Lessard et al.,
2007; Wu et al., 2007). In Drosophila, RNAi knockdown of brmin embryonic class I ddaD/E neurons exhibited a dendrite mis-
routing phenotype, suggesting its potential involvement in
embryonic dendrite development (Parrish et al., 2006).Mutations
in the Brm complex components revealed dendrite targeting
phenotypes in Drosophila olfactory projection neurons (Tea
and Luo, 2011). However, we found that Brm is not important
for dendrite development in class IV ddaC neurons because
loss of brm function did not affect their dendritic outgrowth
and morphology. Rather, we demonstrate a crucial role of the
Brm-containing chromatin remodeler in regulating ddaC
dendrite pruning during early metamorphosis. Brm specifically
upregulates the expression of its target gene sox14, a key
transcription factor in the EcR-B1/Sox14/Mical cascade that
controls the timing of dendrite pruning in ddaC neurons. In
contrast, Brm mediates neither ecdysone-induced EcR-B1 up-
regulation in ddaC neurons (this study) nor the expression of
E74 and E75 (Zraly et al., 2006), two key ecdysone primary-
response genes required for puparium formation (Thummel,
1996). These suggest that Brm is not a general coactivator of
ecdysone signaling components; rather, it selectively activates
sox14 expression to control the timing of dendrite pruning of
sensory neurons during early metamorphosis. Our finding also
contrasts with a previous report in which Brm can negatively
regulate ecdysone signaling by repressing the expression of
various late-response genes, Ecdysone-induced genes (Eig;
Zraly et al., 2006), further suggesting that Brm plays a specific
role in activating sox14 expression during ddaC dendrite
pruning. The specificity of Brm regulatory functions may be
determined by its associated cofactors and/or their differential
expression in the remodeling neurons. Further studies will be
necessary to identify these cofactors required for dendrite
pruning and neuronal apoptosis during early metamorphosis.
Although chromatin remodelers have essential functions in
controlling gene expression in various biological processes,
the Brm-containing remodeler appears to be the only chromatin
remodeler complex that is critical for ddaC dendrite pruning.
Despite the known role of the ISWI-containing remodeler in regu-
lating ecdysone signaling (Ables and Drummond-Barbosa, 2010)
and the onset of metamorphosis (Badenhorst et al., 2005), it is
dispensable for sox14 expression and dendrite pruning in
sensory neurons. None of the other chromatin remodelers,
such as Mi-2 and Domino, which we examined, are important
for ddaC dendrite pruning. It is conceivable that functional
selectivity among the ATP-dependent chromatin remodelers is
important in facilitating a variety of ecdysone-dependent devel-
opmental and cellular alterations during metamorphosis. There-
fore, our data suggest that a Brm-containing remodeler plays an
essential and specific role in regulating the expression of its
major downstream target sox14 and ddaC dendrite pruning
during early metamorphosis.
The Intrinsic HAT Activity of CBP Is Important for sox14
Expression and Dendrite Pruning in ddaC Neurons
Several recent studies have attempted to understand roles of
CBP in neuronal development and differentiation in vertebrates.
The CBP HAT function is essential for differentiation of neural
progenitors into neurons/glia in the cerebral cortex, and pertur-
bation of its HAT activity is associated with the pathogenesisNeuron 72, 86–100, October 6, 2011 ª2011 Elsevier Inc. 97
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Epigenetic Control of Dendrite Pruning in Flyof RTS, a neurodevelopmental disorder (Alarco´n et al., 2004;
Wang et al., 2010). CBP also acts as a HAT to control motor
neuron specification in the developing spinal cord via its associ-
ation with the retinoid-bound retinoic acid receptor complex, the
mammalian counterpart of ecdysone/EcR/Usp (Lee et al., 2009).
However, little is known about potential roles of CBP-mediated
histone acetylation and its functional coordination with chro-
matin remodeling in the refinement of the nervous systems. We
show that CBP, via its intrinsic HAT activity, appears to activate
the expression of the key ecdysone response gene sox14 and
thereby govern ddaC dendrite pruning. In contrast, the dGcn5
HAT is dispensable for ddaC dendrite pruning despite its re-
ported roles in activation of various ecdsyone response genes
and in progression of metamorphosis (Carre´ et al., 2005). Thus,
CBP, but not dGcn5, acts to regulate sox14 expression and
dendrite pruning in sensory neurons during early metamor-
phosis. CBP induces histone H3K27 acetylation, a mark for tran-
scriptionally active chromatin, at the sox14 locus in response to
ecdysone. Our biochemical data indicate that EcR-B1 associ-
ates with CBP in an ecdysone-dependent manner, whereas
Brm facilitates the formation of the EcR-B1/CBP complex. In
accordance with its role in facilitating binding of CBP to EcR-
B1, ecdysone strongly triggers CBP-dependent H3K27 acetyla-
tion on sox14 gene in an EcR-B1 and Brm-dependent manner,
suggesting functional coordination among CBP, EcR-B1, and
Brm in the activation of their common target gene sox14.
Although HATs and ATP-dependent chromatin remodelers
have been proposed to act in at least three different orders
during gene activation (Narlikar et al., 2002), our data support
the model in which Brm-mediated chromatin remodeling de-
compacts the chromatin structure of sox14 gene locus and
facilitates the formation of the ecdysone/EcR-B1/CBP complex,
thereby triggering local histone acetylation and sox14 transcrip-
tion in response to ecdysone (Figure 8D).
Conservation of the Epigenetic Regulation Machinery
in the Developing Mammalian CNS
In mammals, the estrogen receptors, one of the mammalian
homologs of the fly EcR-B1 and Usp receptors, can transduce
extrinsic estrogen hormone signals to mediate neurite growth
and differentiation (Toran-Allerand et al., 1999), as well as syn-
apse plasticity associated with learning and memory (McCarthy,
2008). Notably, the estrogen receptors cooperate with Brg-1,
a mammalian Brm homolog, and CBP to activate estrogen
hormone response genes in in vitro cell-based assays (DiRenzo
et al., 2000). Our study shows the physiological significance of
the coordination between systemic steroid hormone and in-
trinsic epigenetic factors Brm/CBP during the remodeling of
the Drosophila nervous system. Whether and how this mecha-
nism controls the remodeling and maturation of the mammalian
nervous systems awaits further studies. The most remarkable
developmental changes in mammals are triggered by thyroid
hormone, sex steroids, and their nuclear receptors during
adolescence, a stage reminiscent of ecdysone-triggered meta-
morphosis in Drosophila (King-Jones and Thummel, 2005). A
dramatic decrease in synapse number and dendrite branches
in primate brains, a process known as synaptic pruning, takes
place during adolescence in response to robust changes in98 Neuron 72, 86–100, October 6, 2011 ª2011 Elsevier Inc.steroid hormone levels (Paus et al., 2008). Perturbation of the
neuronal network maturation can cause mental disorders in-
cluding schizophrenia, a disorder associated with excessive
pruning of synapses and dendrites in the prefrontal cortex during
adolescence (Paus et al., 2008). Encouragingly, administration of
antipsychotic drugs that regulate histone modification levels can
ameliorate the pathogenesis in a mouse model of schizophrenia
(Tsankova et al., 2007). Whether and how steroid hormones, via
the epigenetic machinery, regulate the remodeling and matura-
tion of the nervous system during adolescence remain open for
future investigation.
In conclusion, we demonstrate that specific epigenetic
factors, the Brm remodeler and the CBP HAT, play central roles
in controlling the initiation of dendrite pruning in sensory neurons
during early metamorphosis. We show that these intrinsic epige-
netic regulators, Brm and CBP, in coordination with the ecdy-
sone receptor EcR-B1, can establish a transcriptionally active
chromatin state and induce expression of their common target
gene sox14, thereby triggering dendrite pruning of ddaC
neurons. Thus, we open the door for new studies of epigenetic
regulation in the remodeling and plasticity of the nervous system
in both invertebrates and vertebrates.
EXPERIMENTAL PROCEDURES
Fly Strains
The following fly stocks were used in this study: UAS-BrmDN (K804R) (Elfring
et al., 1998), UAS-ISWIDN (K159R) (Deuring et al., 2000), UAS-Rpd3 (Aggarwal
and Calvi, 2004), UAS-EcRDN (EcR.B1-DeltaC655.W650A TP1-9), UAS-sox14
(Kirilly et al., 2009), brm2 (Bloomington Stock Center), brmT362 (Collins and
Treisman, 2000), and ppk-Gal4 and Gal42-21 (Grueber et al., 2003). For CBP
RNAi lines, we used two lines from the Vienna Drosophila RNAi Center
(VDRC), GD3787 (CBP RNAi #1) and KK105115 (CBP RNAi #2), and a previ-
ously published CBP RNAi line #3 (Kumar et al., 2004). For Rpd3 knockdown,
lines GD30600 and GD46929 were used.
RNAi Screen
The RNAi knockdown screen was performed by crossing the driver flies y, w;
ppk-Gal4, UAS-mCD8GFP; UAS-Dcr2 individually with 247 corresponding
RNAi lines from VDRC and BSC (Table S1).
MARCM Analysis and Dendrite Imaging/Quantification
We carried out MARCM analysis, dendrite imaging, and quantification as
previously described (Kirilly et al., 2009).
Statistics
Statistical significance was determined using two-tailed Student’s t test. Error
bars in all experiments represent standard error of the mean (SEM). Signifi-
cance was defined as ***p < 0.001, **p < 0.01, and *p < 0.05 in all graphs.
SUPPLEMENTAL INFORMATION
Supplemental Information includes eight figures, five tables, and Supple-
mental Experimental Procedures and can be found with this article online at
doi:10.1016/j.neuron.2011.08.003.
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